1. Introduction {#sec1-1}
===============

According to current evaluations, more than 99% of the prokaryotes biodiversity remain unculturable when using traditional cultivation methods\[[@ref1]-[@ref4]\]. To investigate the biodiversity and functions of unculturable microorganisms *in situ*, different molecular biological methods are used\[[@ref5]-[@ref7]\]. At the same time, cultivation is still necessary for a detailed investigation of the growth and metabolism of microorganisms, genetic manipulations, and introduction of promising strains in biotechnological processes\[[@ref8]-[@ref11]\]. The study of processes carried out by microorganisms in nature is necessary for understanding of functioning principles of ecosystems, assessment of biogeochemical flows of matter, modeling, and forecasting of various biospheric processes, which are associated with the problems of climate change and anthropogenic influence on the biosphere\[[@ref12],[@ref13]\]. It is equally important that new species and strains of microorganisms can be valuable producers of bioactive substances, such as enzymes and antibiotics\[[@ref14],[@ref15]\].

The impossibility of complete reproduction of the conditions of the natural habitat of microorganisms in the laboratory is considered the main reason for their unculturability\[[@ref4],[@ref8]\]. In natural heterogeneous environments, such as lands, soils, and bottom sediments, physical-chemical conditions of the existence of microorganisms change on a microscale\[[@ref16]-[@ref18]\]. Such natural environments are combinations of microzones, different in concentration and composition of organic matter (including microbial metabolites), salts, gases, mineral composition, and other parameters. It is obvious that the reproduction of the entire set of environmental parameters *in vitro* is impossible. Intra- and inter-population interactions play an important role in the functioning of microorganisms within natural ecosystems\[[@ref19]-[@ref23]\]. In particular, such interactions include the formation of biofilms, production of growth regulators and signal metabolites, and production of antibiotics. Sample preparation procedures for traditional cultivation methods, including desorption of cells from mineral particles, disrupt communications between the microorganisms, which is especially important for strongly associated groups such as symbionts and pathogens\[[@ref24]\].

2. New Isolation Methods {#sec1-2}
========================

Nowadays, a wide variety of methods is used to expose new, previously uncultivated microorganisms\[[@ref8]\]. In particular, new nutrient media containing specific substances are used; cultivation is carried out under different physical and chemical conditions of the environment, such as atmospheric composition, temperature, and pH.\[[@ref8],[@ref25]\] Furthermore, applications of diluted nutrient media in combination with long incubation periods\[[@ref25],[@ref26]\], as well as, joint cultivation of microorganisms of different species, have been studied\[[@ref1],[@ref27]\]. In recent years, some fundamentally new methods of cultivation based on the placement of microorganisms in the natural environment without the usage of nutrient media have been developed. Such methods utilize diffusion chambers\[[@ref28],[@ref29]\] and polymer coatings\[[@ref30]\] in which microbial cells are placed. In this case, microorganisms receive all necessary nutrients from the natural environment, remaining isolated from it. The allocation of a new antibiotic producer (teixobactin) using such methods is considered as an important achievement\[[@ref14]\]. Another approach includes simultaneous cultivation and screening of tens and hundreds of thousands of bacterial microcolonies on porous polymer or ceramic isolation chips\[[@ref31],[@ref32]\]. For the cultivation of "unculturable" microorganisms, methods allowing isolation of single cells from natural environments can also be used. Among these methods, the most popular is based on the dilution of microorganism suspension, flow cytometry and cell sorting, laser microdissection, compartmentalization, and application of micromanipulators\[[@ref33],[@ref34]\]. In addition to the cultivation of previously uncultivated species of microorganisms, the isolation of single microbial cells is necessary for the study of cell physiology, interactions between cells, as well as for the search of new metabolites, such as antibiotics and enzymes\[[@ref34]\].

Modern scientific and technological progress provides many opportunities in terms of the development of novel methods for cultivation, isolation, manipulation, and study of individual bacterial cells and their consortia. New approaches may speed up the process of working with microorganisms significantly and allow carrying out their more complete and comprehensive studies. It is necessary to note that so far very few methods have been proposed for positioning of bacteria arrays with micrometer accuracy. In Akselrod *et al*.\[[@ref35]\], three-dimensional (3D) networks of living cells in hydrogel were formed without loss of their viability using arrays of multiplexed holographic optical traps (tweezers) with unprecedented accuracy (\<400 nm). To form optical traps, two lasers were used: Ar^+^ laser (20 W, 514 nm wavelength) and continuous wave Ti: Sapphire laser, tunable in the range of λ = 850--900 nm, as well as a combination of two diffraction elements, combined with different lenses in an inverted optical microscope. Networks of 3T3 fibroblasts surrounded by a ring of bacteria were formed. The ability to manipulate hundreds of *Pseudomonas aeruginosa* bacteria simultaneously in two-dimensional (2D) and 3D arrays was also demonstrated. The method of holographic optical trapping is very accurate but technically difficult to perform.

In the study of Rowan *et al*.\[[@ref36]\], the method of heterogeneous functionalization of surfaces is proposed, which is a four-step lithographic process based on microcontact printing of organic monolayers, implantation of hyperbranched polymer, and its further functionalization. As a result, structures, on which the directed inoculation of bacterial cells is carried out, are obtained. The investigations of cell survival have shown that cells remain viable on the obtained structured surfaces. Large isolates of bacteria containing 18 ± 5 bacteria and small isolates containing 2 ± 1 bacteria were obtained. According to this paper, the demonstrated method can be used for high-throughput screening and biosensing. However, it is difficult to combine the heterogeneous functionalization of surfaces using this method\[[@ref36]\] with routine biological research and conditions of microorganism cultivation (temperature, pH, nutrients, etc.). It is necessary to note that the task of finding simple ways to provide high resolution of living bacteria arrays with the opportunity of various biological studies was solved in some publications. The approaches proposed in these works are, in fact, the harbingers of 3D printing.

In a study of Weibel *et al*.\[[@ref37]\], the technique of living bacteria stamping on agarose plates was proposed. Bacteria arrays were printed (the size of a single spot with bacteria \>200 µm) in the area of up to 50 cm^2^. Polydimethylsiloxane (PDMS) stamps were produced with the help of photolithographic technique. The achieved minimum size of the print protrusion was 190 µm at the height of 140 µm, which, however, is far from the size required to separate bacteria. This method is fast, reproducible, and convenient and can be used to control the pattern, spacing, and orientation between colonies of different bacteria. In Xu *et al*. study\[[@ref38]\], living bacteria arrays with cellular resolution were printed on agarose substrate using elastomeric (PDMS) stamps with a high aspect ratio, obtained by the reverse *in situ* lithography (RISL) method. [Figure 1](#F1){ref-type="fig"} shows the advantages of the RISL method over the standard ultraviolet photolithography. The only limitation of the RISL technology is the protrusion diameter, which can hardly be \<1 µm due to the optical diffraction limit.
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The method of microcontact printing of bacteria arrays works as follows: The drop of *Escherichia coli* in the culture medium LB is deposited on agarose gel (3 weight \[wt\]% in LB) and, on the agarose substrate, a monolayer of bacteria is formed (the liquid is absorbed by agarose gel). Then, the PDMS stamp contacts with a monolayer of bacteria covering the agarose gel. The stamp is removed, and the part of bacteria remains on it. Then, on the contact of the stamp with the layer of agarose gel (4 wt% in LB, thickness 200 µm), bacteria are transferred to the agarose layer. Thus, in a few seconds, arrays of *E. coli* bacteria can be printed directly on the agarose substrate with micron resolution, up to single bacteria, on a large area (cm^2^). It was shown that, after the pattern is printed, bacteria continue to grow and divide, as in the conditions of mass culture, i.e., the bacteria retain their normal physiological behavior after printing. It was also shown that the agarose concentration is crucial for good printing performance. Too little concentration leads to a distortion of the printed pattern, while too high concentration is not suitable for bacteria cultivation. To obtain arrays of single bacteria, the effect of reduction of the initial bacteria concentration in a drop of the culture medium LB was studied. For the initial concentrations of 10^9^ and 10^8^ cells/ml, the average number of bacteria per spot was measured at 12.1 and 1.4, respectively. A very narrow distribution was obtained at the low concentration of bacteria: 44.6% of spots had only one *E. coli* cell and 40.1% of spots had 0 or 2 cells. These results demonstrated that the microcontact printing allows the production of regular arrays of single bacteria. Moreover, it was shown that this approach to the separation of bacterial arrays allows analyzing the growth rates of individual lines of bacteria. This methodology provides a simple way for any desired spatial 2D distribution of bacteria and can be used for both screening and studies of bacterial phenotypic variation, population dynamics, and evolution of ecosystems.

A fast-developing area - sociomicrobiology - has identified the mechanisms with the help of which bacteria participate in collaborative and competitive relationships by influencing nearby neighbors through physical contact and modification of the chemical composition of their common microenvironment. To explore the behavior of small microbial aggregates, different technologies of microprocessing that limit bacteria in microfluidic devices, microresonators, and ultra-low volume liquid droplets were developed\[[@ref39]-[@ref45]\]. The ability to integrate analytical systems with microfluidics has made these isolation platforms attractive for high-performance screening for antibiotic resistance and enzymatic activity analysis. For example, in Eun *et al*.\[[@ref39]\], a high-performance analysis and isolation of bacterial cells encapsulated in agarose microparticles with the use of fluorescent-activated cell sorting (FACS) are described. Flow-focusing microfluidic systems were used to create monodisperse microparticles with a diameter of ≈30 µm. The sizes of these particles made them compatible with flow cytometry and FACS, and the sensitivity of these methods reduced the incubation time for cell replication before carrying out of the analyses. The small volume of microparticles (≈1--50 picoliter \[pl\]) minimized the number of reagents required for bacterial studies. This platform made it possible to allocate and isolate bacteria effectively, as well as to use the combination of methods for quick identification of targets for biologically active small molecules. As an experimental demonstration of this method, *E. coli* cells were encapsulated in agarose microparticles, incubated in the presence of different concentrations of rifampicin, and analyzed with the use of FACS. The minimum inhibitory concentration of rifampicin was determined, and spontaneous mutants that had antibiotic resistance were isolated with the help of FACS and characterized by DNA sequencing. Using this approach, the time and amount of antibiotics needed to isolate mutants were reduced by 8 and 150 times, respectively, compared to traditional microbiological methods using nutrient agar plates. Thus, this method is important in the fields of chemical biology, chemistry of natural products, as well as for the discovery and characterization of biologically active secondary metabolites.

The approaches mentioned above have been useful for limiting the size, shape, and physical attributes (microhabitat); however, none of them have provided the opportunity to determine the 3D geometry of bacterial aggregates or the orientation of multiple populations arbitrarily. In addition, the process of cell encapsulation in ultra-low volume cavities often limits mass transport, leading to conditions that are incompatible with growth and signaling between physically isolated populations. A growing number of proofs highlight the importance of microcolonies in bacterial reproduction\[[@ref27]\]; however, the lack of tools for systematic assessment of cell behavior in such communities is observed. New strategies for the creation of a 3D cultural environment on a microscopic scale can play a crucial role in identifying how bacteria manage antibiotic resistance and other social behaviors in small dense aggregates.

In Connell *et al*. and Connell *et al*.\[[@ref46],[@ref47]\], the method of laser formation of microscopic 3D chambers based on multiphoton lithography (MPL)\[[@ref48]-[@ref51]\] is described. The MPL method has high-throughput capacity and the ability to produce arbitrary patterns. It offers opportunities for the industrial production of 3D microdevices such as micro-optical components, scaffolds for tissue engineering, and microfluidic chips. In Connell *et al*. study\[[@ref52]\], bovine serum albumin (BSA), a highly soluble protein that can be crosslinked into porous, durable, and biocompatible hydrogels, was used to create microscopic 3D bacterial chambers. Some separate bacteria were enclosed in the BSA chambers with the volume of 1 pl and were then grown in clonal populations. Due to the diffusion of biologically significant molecules and antibiotics through the walls of BSA, as well as the exchange of quorum-sensitive signals, the social behavior of bacterial communities was studied in relation to the size and density of the population, the shape of the container, and the flow rate of the environment.

Within the human body, bacteria usually exist in structured 3D communities consisting of several bacterial species. To get detailed information about the effect of geometry on pathogenicity, a 3D printing strategy is described in Connell *et al*.\[[@ref52]\] for bacterial communities, in which physically distinct but chemically interactive populations of a certain size, shape, and density can be organized in any form essentially ([Figure 2](#F2){ref-type="fig"}). Using this approach, it was shown that the stability of a single pathogenic species of bacteria to the antibiotic might enhance the resistance of the second species because of their 3D relations. With the help of laser lithographic technique, microscopic containers of up to 1 pl volume with a container wall thickness of up to 2 µm around selected bacteria suspended in gelatin were formed by cross-linking of the polypeptide molecules in the focal region due to non-linear absorption of laser radiation by photosensitizer molecules. The result of this multiphoton absorption is the formation of singlet oxygen, which stimulates intramolecular and intermolecular covalent cross-linking reactions between BSA and gelatin. The unique physical and chemical properties of gelatin have motivated the interest in its use for a variety of applications, including storage, immobilization, and 3D cultivation of bacteria\[[@ref53]-[@ref55]\]. After removal of the excess reagent, the bacteria are localized in sealed cavities formed by cross-linked gelatin, which is a highly porous material and supports a rapid growth of fully enclosed cell populations. It is easily permeable for polypeptides, antibiotics, and to the physical and chemical signals with the help of which interaction between bacteria occurs. The isolation of cells in microcontainers provides the opportunities for embedding of different types/densities of containers into each other, as well as for dynamic changes in the orientation of the entire populations of bacteria within the community.
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The authors have shown that spatially localized interactions of the Gram-positive *Staphylococcus aureus* and the Gram-negative *P. aeruginosa* bacteria (two human pathogens that often form persistent coinfections inside wounds, catheters, and lung of patients with mucoviscidosis) may increase *Staphylococcus* survival in the treatment with the β-lactam antibiotics.

Micro-3D cell printing fundamentally expands the possibilities for probing of antibiotic resistance when a single bacterial microgroup can affect the antibiotic susceptibility of adjacent surrounding or embedded populations - a matter of particular relevance for *in vivo* infections (e.g., wounds, oral cavity, and cystic fibrosis of the lungs) where tissues are often colonized by several species of bacteria simultaneously. The true power of 3D cell printing lies in the ability to organize the microbial communities in the unlimited range of geometries. Micro-3D cell printing can also be a valuable tool for the investigations of mechanisms and dynamics of the adaptive responses to environmental conditions.

3. Laser Bioprinting {#sec1-3}
====================

Over the past two decades, bioprinting, including the printing of mammalian and bacterial cells, has become an extensive field of research. Printers, starting with modified inkjet printers, extrusion pens, electrospinning, and laser systems, have demonstrated the ability to create submillimeter resolution samples of biomaterials. Tests for viability, genetic damages, cell differentiation, and stress tests were performed after printing to demonstrate that each of these tools can form patterns and 3D structures of intact living cells directly without the aid of surface functionalization or patterns (lithography, masks, etc.)\[[@ref56],[@ref57]\]. Currently, bioprinting is used in laboratories all over the world to print living cells ranging from stem cells, bacteria, and viruses to create microchips and 3D tissue engineering constructs *in vitro* \[[@ref57]-[@ref60]\].

Most methods, such as inkjet printers and extrusion pens, require a nozzle or print head to print microdrops of "bio-ink"\[[@ref60]\]. These nozzles are unable to print solid particles without clogging up. The modified method of laser-induced forward transfer (LIFT), such as biological laser printing, does not require the nozzles or holes of any type because it is based on a focused laser beam. Laser bioprinting based on LIFT ([Figure 3](#F3){ref-type="fig"}) is a relatively new bioprocessing technique\[[@ref61]\] for placing biological materials or living cells in well-defined positions on samples ([Figure 4](#F4){ref-type="fig"}). This method allows fast transfer of ultra-small amounts of biological material to different substrates with spatial accuracy better than 5 µm at the deposition rate up to 100 pixels of biological material per second. With the help of laser bioprinting, one can successfully create print arrays and samples of biological materials from liquid and solid-phase "bio-inks," including proteins, viruses, mammalian cells, and bacteria\[[@ref56],[@ref57],[@ref59],[@ref61],[@ref62]\].

![Schematic sketch of the laser-assisted bioprinting.](IJB-5-165-g003){#F3}

![Gel/soil microdroplets on an acceptor plate (**A**), soil microparticles distribution in microdroplets (**B**), and colonies as the result of microbial growth after gel/soil printing of gel/soil microdroplets onto agar plates (**C**) with E = 20 µJ.](IJB-5-165-g004){#F4}

Laser bioprinting of microorganisms opens the door for the development of new and accurate methods that could be used for the study of: (i) The development of microorganisms in solid matrices in the presence of nutrient gradients, (ii) interactions of the same and different organic colonies next to each other, (iii) response to the stress and resistance to inhibitors, and (iv) cellular communication or quorum determination. This method provides a relatively simple way to perform experiments with a large number of replicas and can even be used for the selection of strains in the future. Laser printing can also serve as a means for carrying out multifactor experiments\[[@ref63]\].

The printing process provides an unprecedented level of accuracy. Using traditional methods, cell suspensions can be diluted in sterile environments and manually placed as droplets in certain positions on the growth matrix; realistically, the volume of the droplet cannot be \<1 µl, and the accuracy of the human hand will require that the droplets were not located closer than 2--3 mm from each other. Laser printing of microdroplets of cell suspensions is carried out with micron accuracy and drop volumes of \<10 pl.

The principle of laser printing is as follows: The donor slide is covered with a layer that absorbs laser radiation and a layer of biomaterial that needs to be transferred; usually, it is hydrogel with cells. Laser pulses are focused through the upper glass slide in the absorbing layer ([Figure 3](#F3){ref-type="fig"}). The evaporation of this layer creates a high gas pressure that transfers the biomaterial to the bottom slide. The vapor bubble reaches its maximum volume in a few microseconds and collapses when its internal pressure drops below the atmospheric pressure\[[@ref64]\]. However, accelerated biomaterial continues to move by inertia to the receiving slide and forms a thin jet at the front of the bubble, which lasts several hundred milliseconds. As a result, the volume from several pl to several nanoliters (nl) is transferred to the surface of the receiving slide (a collector) in the form of a drop ([Figure 4](#F4){ref-type="fig"}). Biomaterial droplets can be arranged in 2D models by moving the donor and collector slides relatively to each other. The volume of printed droplets depends on the laser pulse energy, the thickness of the biomaterial layer, as well as the viscosity of the biomaterial layer on the donor slide\[[@ref65]\]. The number of cells in each droplet usually depends on the initial cell density in the biomaterial layer and the volume of the printed droplet.

In a study of Taidi *et al*.\[[@ref63]\], laser bioprinting was used for the precise placement of eukaryotic microorganisms in certain patterns. *Saccharomyces cerevisiae var* . *bayanus* and *Chlorella vulgaris* were the first used as the model organisms for this purpose. The authors used laser pulses with a wavelength of 1064 nm, pulse duration of 10 ns, and pulse energy of about 20 μJ corresponding to laser energy density from 1 up to 2 J/cm^2^ at the focal point, which was focused through the donor slide on the absorbent surface (60 nm of gold). The conditions used for printing of *S. bayanus* and *C. vulgaris* were droplet volume (180 pl) and the cell concentration of 200 cells per a droplet. The growth and development of microcolonies were studied by confocal microscopy, and the growth rates of colonies were determined by the image analysis. The developed protocols for printing of microorganisms and determining the growth rate of microcolonies are very promising for future studies of the growth and development of colonies.

In Koch *et al*. study\[[@ref66]\], skin cell lines (fibroblasts/keratinocytes) and human mesenchymal stem cells (hMSCs) were selected for laser printing experiments because of their high potential in human skin regeneration and new applications of stem cell therapy. The effect of laser printing on cell survival, proliferation, apoptotic activity, and DNA damage has been investigated. Approximately 98% of skin cells and about 90% of hMSC cells survived after the laser printing procedure. All used cell types kept their ability to reproduce after laser printing. In addition, skin cells and hMSC showed no increase in apoptosis or the DNA fragmentation. The hMSCs also have maintained their phenotype, as confirmed by the analysis of sorting with the help of FACS. This study declares laser printing as a suitable method for computer positioning of different cell types and a promising tool for future applications in *ex vivo* tissue generation.

In Deng *et al*. study\[[@ref67]\], the influences of laser pulse energy, laser spot size, distance to the acceptor substrate on the number, size, and proliferation of laser printed HELA cells are analyzed. It is shown that the laser power and the thickness of the titanium film are the main factors affecting the survival of the isolated cells. To provide a sufficient working distance and increase the viscosity of the culture medium, glycerin was used. To soften the landing of the cell on the acceptor plate a layer of alginate was used. It was found that the optimal parameters to obtain a viable cell are pulse energy - 9 µJ, spot size - 60 µm, the thickness of the titanium film - 12 nm, working distance - 700 µm, the concentration of glycerin in the culture medium 2--4%, and the thickness of the alginate is more than 1 µm. To avoid contamination and increase humidity, the process of cell shooting was carried out in a special chamber made from PDMS.

It should be noted that very few works devoted to the isolation of microorganisms from complex heterogeneous systems with the use of laser printing are existing in the literature. Nowadays, two modifications of the laser printing method - biological laser printing\[[@ref68],[@ref69]\] and laser engineering of microbial systems (LEMS) - have been proposed for the cultivation of microorganisms from natural environments\[[@ref70]-[@ref72]\].

As it was noted above, traditional methods to isolate microorganisms from environmental samples, such as soil or sediment, require pretreatment to remove living cells from their solid-phase carrier, creating a liquid phase sample. This process destroys close relationships that can be crucial for the cultivation and study of the isolated microorganisms. In Ringeisen *et al*. study\[[@ref68]\], a high-performance automated method based on laser printing that isolates pure microbial cultures and spatially bound microbial consortia directly from solid-phase complex environmental samples is described. A mixture of soil with water or water and glycerol was applied to a quartz tape coated with titanium dioxide, 85 nm thick, producing a donor slide. Adjustable amounts of soil were transferred to different substrates using a pulsed excimer laser (wavelength 248 nm, pulse duration in the range of 2--10 ns, and pulse energy varied from 7 to 23 μJ), including 96-well plates filled with broth at the rate exceeding 20 microparticles per second or more than a thousand microparticles per minute. After printing, the viability of microbial cultures, culture value, and significant morphological diversity have been demonstrated. However, it is not clear whether it exceeds the diversity obtained by cultivation with the use of traditional methods. Nevertheless, the results showed that single-stage soil printing could be used to (a) produce pure microbial cultures (isolates) and (b) isolate consortia from the micro-ecological system. The study, described here, is the first extension of bioprinting to solid-phase environmental samples for the isolation and cultivation of individual microorganisms or consortia.

The LEMS method uses 8 ns, 24 μJ, 1.06 µm laser pulses\[[@ref70]-[@ref72]\]. The donor plate is a glass coated with a 50--100 nm layer of gold, titanium, or chromium. To print biological objects, bacterial cells or soil are mixed with a gel (2% hyaluronic acid), which prevents rapid drying of the sample and spraying of microdroplets during laser printing. This technology allows obtaining a large number of separate bacterial colonies. It was also demonstrated that the LEMS technology allows cultivating a significantly higher bacterial diversity in comparison with traditional methods of cultivation (Figures [5](#F5){ref-type="fig"} and [6](#F6){ref-type="fig"}). In particular, with the use of this method, a strain of a rare *Nonomuraea* \[[@ref70],[@ref71]\] genus was isolated from the soil ([Figure 5](#F5){ref-type="fig"}), while the isolation of bacteria of this kind by traditional methods requires the use of a number of special techniques, for example, the addition of antibiotics and vitamins to the nutrient media\[[@ref73],[@ref74]\]. When using the LEMS method, in addition to increase of the microorganisms diversity, an increase in the number of cultivated microorganisms was observed\[[@ref70],[@ref72]\]. This effect was demonstrated both for natural samples and for pure cultures of bacteria.

![Cultivated and identified groups of G+ and G− bacteria from the mollisol soil using the standard method and laser engineering of microbial systems technology.](IJB-5-165-g005){#F5}

The reasons for the high efficiency of laser printing methods in the isolation of bacteria from heterogeneous environments are not yet sufficiently investigated. Probably, one of the reasons is that, unlike traditional cultivation methods, these methods do not use the desorption of microorganisms from mineral particles\[[@ref68],[@ref70],[@ref71]\]. The direct printing techniques are likely to isolate neighboring microorganisms while they are still attached to soil particles ([Figure 6](#F6){ref-type="fig"}). In this case, the natural micro-ecological environment and relationships between microorganisms in the process of isolation and screening are maintained. In the case of preserving the relationships between microorganisms, it is possible to cultivate a wider microbial diversity\[[@ref1],[@ref24],[@ref68]\]. Changes in microbial diversity and activation of bacterial growth may also be caused by laser radiation. In the LEMS method, even though most of the radiation is absorbed by the metal film, a small part of the radiation reaches the gel-containing microbial cells\[[@ref75]\]. At the same time, it is known that laser radiation can activate the growth and metabolism of bacteria\[[@ref76]-[@ref78]\]. Another factor that can affect the state of microorganisms during laser printing is the formation of nanoparticles, generated from the absorbing metal film on the donor glass slide\[[@ref71],[@ref72],[@ref75]\]. Nanoparticles, in relation to their shape, size, they material and some other factors, can be both toxic to bacteria or stimulate their growth\[[@ref79]-[@ref82]\]. However, in general, the processes that cause changes in microbial diversity and growth during and after laser printing are practically not studied and require further investigations.

![A diagram illustrating the main differences between the laser engineering of microbial systems and standard method, leading to an increase in biodiversity in the isolation of microorganisms from soil. The numbers indicate microbes that, with the standard cultivation method: 1 - easy to flush out of their microenvironment, 2 - most actively multiply, 3 - separate from those with which they exist in symbiosis, and 4 - remain in the "sleeping" state.](IJB-5-165-g006){#F6}

In addition to the isolation of microorganisms from complex substrates, it is assumed to use laser printing methods to create biochips and bioelectronic interfaces. It is shown that various modifications of laser printing allow transferring cells of pure microorganism cultures to various acceptor surfaces with high accuracy (in the zone \<50 × 50 µm)\[[@ref61],[@ref83]-[@ref85]\]. At the same time, very high survival of microorganisms (up to 100%) is observed. As it was mentioned before, laser printing can also be used to isolate single microorganism cells\[[@ref67],[@ref68]\], which is necessary for the study of growth, metabolism, the genome of individual cells, as well as for the study of interactions between microbial cells\[[@ref27],[@ref68],[@ref86],[@ref87]\]. One of the relevant tasks of modern biotechnology is the creation of multilayer structures consisting of microorganisms to produce some new materials, in particular, bioplastics, adhesives, bio-based electrical switches, etc.\[[@ref88]-[@ref91]\] Nowadays, the use of 3D printers can help to solve these biotechnology problems\[[@ref91]\]. Application of laser printing in this field is very promising due to the high accuracy of microbial transfer and high cell survival.

In conclusion, at present, there are only a few publications on the use of laser printing for the transfer of microorganisms. However, it has been shown that laser printing is effective for isolating microorganisms from complex natural substrates, as well as for transferring microbial cells to various acceptor surfaces with high speed and accuracy. Due to this fact, it is expected that this technology will be actively used for the studies of microbial diversity of different ecosystems, for the creation of biochips and bioelectronic interfaces, isolation of single cells of microorganisms, and printing of multilayer cell structures and biofilm studies.
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